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ABSTRACT

Two inter m ediates of tryptophan catabolism w ere isolated from a
sporulating culture of B acillus cereu s and identified a s anthranilic acid and
kynurenine by their spectral properties.

During sporulation the rate of

formation of anthranilic acid and kynurenine by whole c e lls increased and
reached a maximum at p re-sp ore stage.

The specific activities of tryptophan

p yrrolase and form ylase also increased during sporulation and exhibited a
maximal activity at p re-sp ore stage.

Kynureninase activity reached a maxi

mum during early stages of sporulation and then started declining.

There

w as a net in crease in the activity of tryptophan pyrrolase when c e lls were
grown in the presence of L-tryptophan or DL-kynurenine.

The cultures ex

hibited the m axim al activity of kynureninase two hours ea rlier in the presence
of DL-kynurenine w hereas L-tryptophan delayed the appearance of the maximal
activity by two hours.

The presen ce of glucose in G-medium had no effect on

the pattern of development of tryptophan pyrrolase during grpwth and sporulation.
On the addition of tryptophan in a chem ically defined medium no significant change
in the pattern of development of tryptophan pyrrolase w as noticed.
Ethyloxamate and nicotinamide inhibited the development of heat resistan ce
and the biosynthesis of pyridine- 2 , 6 -dicarboxylic acid (dipicolinie acid) in
B acillus cereu s sp ores.

Addition of quinaldic acid or hydroxyanthranilic acid

to an ethyloxam ate-grown culture resulted in an in crease in the number of heat
resista n t sp ores.

Nicotinam ide-induced heat sen sitivity could be reversed to

different d eg rees by the addition of kynurenine or xanthurenic acid.

x ii

INTRODUCTION

Differentiation can be defined as thfe p ro cess involving the orderly
em ergence of a s e r ie s of functions and morphological changes in organism s.
In B acillu s, the differentiation of a vegetative c e ll into a dormant spore is a
com plex p rocess during which a c e ll undergoes marked m etabolic and mor
phological changes.

The regulation of the sequence of structural and bio

chem ical changes which lead to spore formation is not clea rly understood.

In

an attempt to co rrela te the biochem ical and structural events, several investi
gations have been reported on the pattern of development of enzym es of nucleic
acid, carbohydrate, acetate, and phosphorus metabolism during growth and
sporulation in b a cilli {Hanson et a l . , 1963; F alasch i et a l . , 1966; Gardner et a l . ,
1967; Tono et a l . , 1967; D eutscher et a l . , 1968; Warren, 1968; Mandelstam,
1969).

The development of enzym es follows markedly different patterns during

differentiation.

Some enzym es appear at sp ecific tim es during differentiation

while others which are previously synthesized may disappear.

Particular u se

has been made of imm unological methods to demonstrate p ro g ressiv e changes
in the com position of soluble protein during differentiation in chicken liver
(Murison, 1969), amphibia (Cooper, 1950), in se c ts (Teller et a l . , 1953),
echinoderm s (Perlm an, 1953), plants (Wright, 1963), and bacteria (Leitzmann
et a l . , 1968; N o rris, 1969), In each case it h as been shown that new sp ecies
of proteins make their appearance at different stages of development; in som e
instances proteins which appear in early sta g es of development disappear later.
This problem has been recently reviewed by Kornberg et al. (1968). Several

1

studies have shown the increased sy n th esis of interm ediates and en zym es of
tryptophan catabolism during differentiation in m am m als, insects and
amphibians (Brown et a l . , 1956; B aglion i, 1959; A m er et a l , , 1968; Paik et
a l . , 1968; Haining et a l . , 1969).

H owever, so far th ere has been no report

on the involvem ent of tryptophan catab olism during differentiation of a bacterial
c e ll into a spore.
The purpose of the work reported in this d issertation was to study the
p resen ce and function of tryptophan catabolism during intracellular differen
tiation in B acillus cereu s. F lu orescen t catabolites o f tryptophan w ere isolated
from a sporulating culture of B. c e r e u s and identified as kynurenine and anthra
n ilic acid.

The enzym e system s resp on sib le for th e conversion of tryptophan

to anthranilic acid via kynurenine w e r e shown to be p resen t.

Addition of

nicotinamide or ethyloxamate in a B . cereus culture resulted in the production
of heat sen sitive sp ores. Several interm ediates of tryptophan catabolism could
elevate the heat resista n ce of nicotinam ide or ethyloxam ate grown sp o res.

REVIEW OF LITERATURE

A.

Biochem ical Pathways of Tryptophan Catabolism
Tryptophan constitutes a significant part of m icrobial, plant and animal

proteins as w ell a s intracellular pool of free amino acids.

Most of the studies

on tryptophan m etabolism have been concerned with its biosynthesis.

Catabolic

studies on tryptophan have been conducted mostly in the mammalian system s.
However, there a re a few reports on the investigations of tryptophan catabolism
in m icroorganism s.

Tryptophan and its several catabolites have been shown

to participate in a number of biosynthetic reactions (Bonner and Yanofsky,
1951; Udenfriend et a l . , 1956; Joshi et a l . , 1960; Kowanko et al. , 1962).

The

initial oxidative dissim ilation of tryptophan in Pseudomonas is brought about by
the enzyme tryptophan pyrrolase which converts tryptophan to form yl kynur
enine.

It has been shown recently that formyl kynurenine, which is usually

broken down to kynurenine, can a lso enter into quinazoline pathway (Mann,
1967).

From kynurenine, the oxidation of tryptophan proceeds by one of two

pathways, the so -c a lled "aromatic" and "quinoline" pathways.

In the aromatic

pathway, a s e r ie s of enzym es convert L-kynurenine via anthranilic acid, into
succinate and acetate or fumarate and pyruvate (Hayaishi and Stanier, 1951;
Subba Rao et a l . , 1967; Cain, 1968).

In the quinoline pathway, kynurenine is

ultim ately converted to glutamate, alanine, acetate and CO2 via kynurenic
acid (Hayaishi et a l . , 1961; Behrman, 1962). Any Pseudomonas capable of
oxidizing tryptophan u tilizes one of the three pathways —
and quinazoline (Stanier et a l . , 1951b; Mann, 1967).

3

arom atic, quinoline

These pathways are

4

sum m arized in Figure 1.
1.

Aromatic Pathway. In the arom atic pathway of degradation of

tryptophan, kynurenine is m etabolized via anthranilic acid (Fig. 2). Anthra
nilic acid is an important interm ediary m etabolite in both biosynthetic and
catabolic pathways in m icroorganism s (Tatum et a l . , 1954; Matchett et a l . ,
1963). M ost bacteria degrade anthranilate through catechol (Higashi et a l . ,
1960; Hosokawa et a l . , 1961; Cain, 1966; Mann, 1967). Although 3-hydroxyanthranilate is degraded by bacteria grown or induced in its presence there
are no reports that this compound can a rise from anthranilate in bacteria
(Ichiyama et a l . , 1964),

Terui et al. (1953, 1961) reported that A spergillus

niger can m etabolize sa licy lic acid as well a s anthranilic acid by a route
involving the form ation of 2 , 3-dihydroxybenzoic acid. Recently Subba Rao
et al. (1967) have reported a direct conversion of anthranilate to catechol via
3-hydroxy anthranilate and 2, 3-dihydroxybenzoate in A spergillus niger. The
Achromobacter isolated by Ladd (1962) oxidized 5-hydroxyanthranilate but
not 3-hydroxyanthranilate after growth on anthranilate but the intermediary
position of this hydroxy anthranilate rem ained obscure since it w as not detected
in cultures, or incubation media. Recently, 5-hydroxyanthranilate was isolated
and characterized as an interm ediate in the m etabolism of anthranilate by
Nocardia opaca (Cain, 1968).

Both 5-hydroxyanthranilate and gentisate w ere

oxidized to pyruvate by extracts of anthranilate-grown c e lls .

Evidence p re

sented by Cain (1968) suggests that gentisate pathway of anthranilate metabo
lism i n N . opaca is of secondary im portance.

Hydroxylation of anthranilate

Figure 1.

"Aromatic", "Quinoline" and "Quinazoline" Pathways for
Tryptophan D issim ilation.

Tryptophan

i

N- Formylkynurenine
1

Kynurenine

Anthranilic
Acid

o

0
a
» rt

ao

1

<
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Kynurenic
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d
o
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+

cd
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d
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Figure 2.

Alternate Pathways of Anthranilate M etabolism in M icroorganism s.

Kynurenine

3-Hydroxykynurenine

3-Hydroxyanthranilate

2 ,3 -Dihydroxy benzoate

Anthranilic Acid

5 - Hydroxyanthr anilate

Gentisate
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ci s, cis-M uconate
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Pyruvate + Fum arate

by "anthranilate hydroxylase" in b acteria (Ichihara et a l . , 1962; Taniuchi et
a l . , 1964), is a reaction requiring NADH but in which the two atom s of
m olecular oxygen are incorporated into catechol.

The enzym es that catalyze

the conversion of catechol to c is, cis-m u con ic acid (pyrocatechase) have been
purified from anthranilic acid-adapted c e lls of Pseudomonas and from
Brevibacterium fuscum (Nakagawa et a l . , 1963).
of catechol with the consumption of
cleaved.

1

These catalyze the cleavage

m ole of oxygen per m ole of catechol

The enzym e has been purified (Molecular weight about 80, 000) and

found to require ferrou s ion. Studies with

0 ^ 8

have shown that the oxygen

atom s added to catechol are derived from oxygen (Hayaishi et a l . , 1957).
The conversion of c is , cis-m uconic acid to p -ketoadipic acid involves the
participation of two enzym es (Sistrom et a l . , 1954).
ively, conversion of c is , cis-rmuconic acid to

These catalyze, resp ect

- c a r b o x y m e th y lb u te n o lid e ,

and conversion of the latter compound to p -ketoadipic acid which in turn
is degraded into succinate and acetate.
The oxidation of anthranilate to pyruvate and fumarate via 5-hydroxy
anthranilate, gentisate and maleylpyruvate has been demonstrated in Nocardia
opaca (Cain, 1968) and Achromobacter (Ladd, 1962).
hydroxyanthranilate to gentisate req u ires

1

The conversion of 5-

m ole of oxygen and

2

m oles of a

reducing agent per m ole of hydroxy anthranilate oxidized (Equation 1).
C7 H7 O3 N + O2 + 2 AH2
5-hydroxy
anthranilate

C7 HQO4 + NH3 + H2 O + 2 A
gentisate
(1 )

The chem ical nature of the H-donor required in this reaction is not known.
The gentisate oxygenase in crude dialyzed extracts of N. opaca has a Km of

80 m icrom olar for gen tisate (pH 7. 0 in phosphate buffer) and is com pletely
inhibited by 2 , 2'-dipyridyI (2mM) when preincubated with the inhibitor for
10 m in before the addition of the substrate.
by the addition of ferro u s sulfate.

T h is inhibition could be rev ersed

The enzym e does not oxidize catechol,

quinol, 2 , 3 - , 3 , 4 - or 3 , 5-dihydroxybenzoate, but the fir s t four compounds
are strong com petitive inhibitors of gentisate oxygenase (Cain, 1968).
M aleylpyruvate, a product of gentisate oxygenase reaction, is not significantly
attacked by dialyzed ex tracts u n less the reaction m ixture is supplemented
with reduced glutathione.

C ysteine, but not th ioglycollate can substitute for

glutathione.
2.

Quinoline Pathway.

takes p lace by transam ination.

The con version of kynurenine to kynurenic acid

T his reaction involves the lo s s of an amino

group and ring clo su re between the alpha-carbon atom and the nitrogen atom
attached to the benzene ring.

It is generally assum ed that two step s are in

volved, o-am ino-benzoylpyruvic acid being form ed as an interm ediate.
Kynurenine transam inase has been separated from kynureninase, which a lso
req u ires pyridoxal phosphate.

Kynurenine transam inase preparations have

been obtained from anim al tis s u e s (Mason et a l . , 1951; Mason, 1957; Ueno
et a l . , 1963), N eurospora (Jakoby et a l . , 1956), and Pseudom onas (M iller et
a l . , 1953; Stanier et a l . , 1951a).

The form ation of kynurenic acid i s not

r e v e r sib le due to the form ation of a stable arom atic ring.

M iller et al.

(1953) observed that in the absence of o<-ketoglutarate, ex tra cts from
Pseudom onas slow ly attacked kynurenine, with the form ation of anthranilic
acid, presum ably by the kynureninase reaction.

T his observation co rrects

9
the ea rlier report by Stanier et al. (1951) that the quinolinate and arom atic
pathways for the degradation of kynurenine are mutually exclu sive.
Hayaishi and h is co-w orkers have investigated the degradation of C1^kynurenic acid labeled at various carbon atoms by tryptophan-adapted c e lls
of Pseudom onas flu orescen s (Hayaishi et a l . , 1961; Horibata et a l . , 1961;
Taniuchi et a l . , 1963).

L-glutam ic acid, D- and L-alanine, and acetic acid

w ere among the main products of kynurenic acid breakdown. It w as found
that the carbon chain of glutamic acid cam e from the benzene m oiety of ky
nurenic acid.

Carbon atoms

6

and 9 of kynurenic acid w ere the p recu rsors

of carbon atom s 4 and 1 of glutamic acid, resp ectively.

Carbon atoms 2

and 3 of kynurenic acid w ere distributed among carbon atoms 2 , 3 , 4 and 5
of glutamic acid.

Carbon atom 2 of kynurenic acid was found in carbon atom

2 and 3 of alanine and carbon atoms 1 and 2 of acetic acid.

The carboxyl

groups of alanine and the alpha-carboxyl groups of glutamic acid contained
little radioactivity, and the carboxyl carbon of kynurenic acid converted
mainly to COg. An enzyme preparation was obtained from Pseudomonas
which catalyzed the conversion of kynurenic acid to a compound that exhibited
the properties of 7,
DPNH and oxygen.

8

-dihydrokynurenic acid -7 , 8 -d io l in the presence of

This compound w as dehydrogenated in the presence of

DPN+ to 7, 8 -dihydroxykynurenic acid which was isolated and definitely identi
fied.

Sim ilar findings w ere reported by Behrman and Tanaka (1959).

The

pathway for the catabolism of kynurenic acid is presented in Figure 3.
3.

Quinazoline Pathway.

The fir st report of this pathway appeared in

1967 in Pseudomonas and certain other m icroorganism s (Mann, 1967).

No

Figure 3.

Quinoline Pathway of Tryptophan M etabolism in Pseudom onas
flu orescen ce and Pseudom onas acidovorans.

Tryptophan

Kynurenine

Kynurenic Acid

7, 8 -Dihydrokynurenic A cid-7, 8 -d iol

7, 8 - Dihydroxykynurenic Acid

i
'i
I

I
i
Glutamate
Alanine
Acetate

attempt has been made to show if th is pathway is present in plants and
anim als.

A lis t of the m icroorganism s tested for the presen ce of this path

way is presented in Table 1. In quinazoline pathway N-formylkynurenine is
converted to quinazoline derivatives (Fig. 4) via formylaminoacetophenone
and o-aminoacetophenone.

The pathway is presented in Figure 5.

The o-

aminoacetophenone and 4-m ethylquinazolines w ere found to be m ore constant
ch a racteristics of Pseudomonas aeruginosa than their pigm ents.

Strains

forming a m elanin-like pigment w ere marked by a clear retardation of this
way of m etabolism . In Pseudom onas flu orescen s, Pseudom onas putida,
Aerom onas and Candida, the quinazoline pathway of tryptophan catabolism
is only of minor importance.
4.

Tryptophanase Pathway.

Degradation of tryptophan in certain

bacteria takes place by the tryptophanase reaction, in which tryptophan is
converted to indole, pyruvic acid and ammonia:
Tryptophan----------- »

Indole + Pyruvate + Ammonia

Tryptophanase was fir s t dem onstrated by Hopkins and Cole (1903). Wood et
al. (1947) prepared the enzyme from E. coli and dem onstrated that pyridoxal
phosphate was the coenzym e.

The reaction appeared to require potassium

and ammonium ions and iron (Dawes e t a l . , 1949; Hoch et a l . , 1966; Griffiths
et a l . , 1970).

Major studies on tryptophanase have utilized E. coli a s the

enzym e source (Happold, 1950; Morino et a l . , 1967). In recent y ears it has
been reported that a number of b acterial species p o ss e s s the capability of
synthesizing tryptophanase (Arora et a l . , 1959; Hoch et a l . , 1965; Bito,
1967; D eM oss et a l . , 1969). A l is t of m icroorganism s p o ssessin g

Table 1.

M icroorganism p o ssessin g quinazoline pathway of tryptophan
catabolism (Mann, 1968).

A. Major pathway

B.

1.

Pseudomonas aeruginosa

2.

Sarcina lutea Kurs

3.

Bacillus cereu s Kurs

Minor pathway
1

.

Bacillus m esen tericu s Kurs

2

.

Candida albicans Kurs

3.

Pseudomonas flu orescen s

4.

Pseudomonas putida

5.

Aeromonas hydrophila

6

.

Pseudomonas shigelloides

C. Absent
1.

Enterobacter aerogenes

2.

Escherichia c o li O m

3.

Staphylococcus albus

4.

Staphylococcus aureus

F igure 4. Some Common Quinazoline Compounds Produced by
M icroorganism s.

R_

Quinazoline Compound

-H

4-M ethylquinazoline

-c h 3

2 , 4-Dimethylquinazoline

-c 2h5

2

- c h 2 oh

2-Hy dr oxym ethyl- 4- Methy lquinaz oline

- Ethyl-4-M ethylquinazoline

N - Formylkynurenine

N-Form ylaminoacetophenone
NHc

o-Aminoacetophenone
4-M ethylquinazoline

o-Acylaminoacetophenone
NH3
-RH
4-M ethyl 2-alkylquinazoline
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tryptophanase activity i s presen ted in Table 2,

The form ation of indole has

been observed in many b acterial sp e cie s and is u tilized a s an identification
ch a ra cteristic.

In at le a s t one bacterial sp e cie s, B. a lv e i, indole excretion

may a r ise by eith er of two m echanism s (Hoch et a l . , 1965), i. e . , by degra
dation of in d o le-g ly cero l phosphate, an interm ediate in tryptophan b iosyn th esis,
or by degradation of tryptophan, catalyzed by tryptophanase.

Although the

reaction catalyzed by tryptophanase is essen tia lly irrev ersib le, Newton and
Snell (1962, 1964) have found that E . coli tryptophanase can catalyze the
sy n th esis of tryptophan from indole and serin e.

M ore recen t work (Newton

et a l . , 1964) has led to the crystallization of E. c o li tryptophanase.

In ad

dition to the rea ctio n s m entioned above, the cry sta llin e enzym e also catalyzed
the desulfhydration of cy stein e, the deamination of serin e, the conversion of
S -m eth ylcystein e to pyruvate, m ethylm ercaptan, and ammonia, and the
sy n th esis of tryptophan from indole and cystein e (or S-m ethylcysteine).

The

tryptophanase of 13, a lv ei has a lso been shown to catalyze the deamination of
serin e to pyruvate and am monia (Griffiths et a l . , 197 0), but th is reaction is
catalyzed only 15% a s efficien tly a s the tryptophan degradation reaction.

In

con trast to the tryptophanase of E. coli which i s inducible at high le v e ls of
tryptophan (Happold et a l . , 1935), tryptophanase of B. alvei is a constitutive
enzym e, not influenced by the exogenous level of tryptophan or related com 
pounds (Hoch e t a l . , 1965).

A recen t investigation by Griffiths and DeM oss

(1970) has shown that tryptophanase from B. alvei is definitely subject to
re p re ssio n by g lu co se, serin e and to an even greater extent by glycerol.

The

tryptophanase of E. c o li is known to be r ep ressib le by glu cose (Happold, 1950;
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Table 2. Occurrence of tryptophanase in a variety of bacterial sp ecies.

Indue ibility

Organism

R epressibility
by glucose

Reference

Aeromonas liquefaciens

+

+

DeM oss et a l . , 1969

Aerom onas hydrophila

0

0

Mann, 1967

B acillus alvei

-

+

DeM oss et a l . , 1969;
Griffiths e t a l . , 1970

B acteroides sp.

+

+

DeM oss et a l . , 1969

Corynebacterium acnes

+

E scherichia coli

+

+

Happold et a l . , 1935;
DeM oss et a l . , 1969

M icrococcus aerogenes

+

-

DeM oss et a l . , 1969

Paracolobactrum coliform e

+

+

DeM oss et a l . , 1969

P asteurella multocida

0

0

Bito, 1967

Photobacterium harveyi

+

+

DeM oss et a l . , 1969

Pseudomonas shigelloides

0

0

Mann, 1967

Proteus vulgaris

+

'b

DeM oss et a l . , 1869

Sphaerophorus varius

+

+

DeM oss et a l . , 1969

Vibrio cholerae

0

0

Arora et a l . , 1959

+ present,

- absent,

0 not known

DeM oss et a l . , 1969

Freundlich et a l . , 1962).
It has been suggested that certain b acteria may degrade indole by the
following sequence (Sakamoto et a l . , 1953):
Tryptophan

»

Ind ole

)

Isatin

1

Form ylanthranilic Acid

1

Anthranilic Acid

1

S alicylic Acid

J.
i

co2
B.

The Functions of Tryptophan Catabolism
1.

B iosynthesis of Niacin and NAD+ . Beadle et al. (1947) fir st showed

that a mutant of N eurospora orassa which required niacin for growth could
grow m axim ally if either tryptophan or kynurenine was supplied in the growth
medium. It was la te r found that 3-hydroxyanthranilic acid w as a s effective
as tryptophan or kynurenine in replacing the niacin requirem ent in the same
mutant (M itchell et a l . , 1948). Finally, Bonner (1948) isolated 3-hydroxy
anthranilic acid from the culture supernatant of this mutant which was grown
in the presen ce of niacin.

The role of quinolinic acid in the biosynthesis of

niacin in N. c ra ssa w as established by Bonner et al. (1949) who could sub
stitute quinolinic acid for niacin in a number of niacin requiring mutants of
N. c r a s sa . 3-Hydroxykynurenine was then implicated as an intermediate in
the conversion of tryptophan to niacin.

Yanofsky and Bonner (1950) isolated a

niacin requiring mutant of N. crassa in which either 3-hydroxykynurenine or
3-hydroxyanthranilic acid could be substituted for niacin.

A s a result of all
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these observations, Bonner et al. {1951) concluded that tryptophan is con
verted to niacin by the kynurenine, quinolinate pathway (Figure

6

).

Tryptophan-niacin relationship has also been established in a variety
of other m icroorganism s.

Starr (1946) found that Xanthomonas pruni r e -

quired an exogenous source of tryptophan when grown on a m inimal medium
containing vitam in-free acid hydrolyzed casein .

Subsequently, Davis et al.

(1950) showed that the niacin requirem ent of X. pruni could be satisfied if
either tryptophan, anthranilic acid, kynurenine, 3-hydroxyanthranilic acid,
3-hydroxykynurenine, indole, or quinolinic acid was added to the growth
medium. W ilson et al. (1963) reported the incorporation of C1^-tryptophan
and C ^-3-hydroxyanthranilic acid into niacin inJJC. pruni.
In addition to X , pruni, Lingens et al. (1964) have reported the p resen ce
of tryptophan-niacin relationship in Streptom yces antibioticus, Cyanidium
caldarium , Karlingici r o s e a , and Saccharom yces cer e v isia e . Recently,
Desaty et al. (1967) have demonstrated the incorporation of C1^-tryptophan
in nicotinic acid in Fusarium oxysporum. Ahmod et al. (1966) have also
shown using C -^-labeled tryptophan that S. cerevisiae p o s s e s s e s the ability
to convert tryptophan to niacin only when it is grown under aerobic conditions.
In contrast to the m icroorganism s d iscu ssed above, it has been shown that
E. c o li, B. subtilis and Pseudomonas sp e c ie s are unable to convert tryptophan
to niacin (Yanofsky, 1954; Lingens et a l . , 1966).
A tryptophan-niacin relationship has a lso been established in m am m als.
Krehl et al. (1945) found that either tryptophan or niacin added to a diet
com pletely counteracts the growth retardation caused by the inclusion of 40%

Figure

6

.

B iosynthesis of N iacin and NAD+ from Tryptophan.

L-Tryptophan

> N- For my 1- L-Kynurenine
*

3-Hydroxykynurenine <--------

3- Hydroxyanthranilic Acid

I
Quinolinic Acid
PRPP
Quinolinic Acid Ribonucleotide
N icotinic Acid

co2
PRPP
Nicotinic Acid Ribonucleotide
ATP
Desamido - NAD+

I

ATP
Glutamine

1

*

Kynurenine
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corn g rits in a low protein diet. An in crea se in the excretion of N -m ethylnicotinam ide was demonstrated after the adm inistration of tryptophan to rats
and humans by Sarett et al. (1947).
found that tryptophan labeled with
kynurenine by ra ts.

H eidelberger et al. (1949a, 1949b)
in the beta carbon was converted into

None of the isotopic carbon w as incorporated into niacin;

although when tryptophan labeled in carbon 3 of the indole ring w as used, the
label w as incorporated into niacin as the carboxyl carbon.
Subsequently, M ehler (1956) found that 3-hydroxyanthranilic acid was
converted to quinolinic acid by cell-free extracts of ra t liv er.

The role of

3-hydroxyanthranilic acid in m amm alian niacin biosynthesis w as further
studied by Hankes et al. (1957).

Using carboxyl-C 1 ^-3-hydroxyanthranilic

acid, they established that the carboxyl carbon of niacin and the 3-carboxyl
group of quinolinic acid (in rats) w ere derived from the carboxyl group of
th is p recu rsor.

A lso, W iss et al. (1950) found that rats w ere able to convert

3-hydroxykynurenine to 3-hydroxyanthranilate and alanine by a kynureninase
type of reaction.
The relationship of kynurenine to 3-hydroxykynurenine was established
by DeCastro et al. (1956) when they isolated an enzym e from rat liver mito
chondria which would hydroxylate kynurenine to 3-hydroxykynurenine in the
p resen ce of NADPH. Nishizuka and Hayaishi (1963) have found that free
niacin i s not an interm ediate in NAD+ b iosyn th esis.

Quinolinic acid reacts

directly with PRPP to yield niacin mononucleotide which is then converted to
NAD+ in the presen ce of ATP and glutamine (Figure

6

).

The pathway for

niacin biosynthesis from tryptophan seem s to be identical in m olds, some
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plants, and m am m als.
2.
Compounds.

U tilization of Tryptophan for the Form ation of Auxin and Related
The iso la tion of a plant growth hormone from human urine

(Kogl et a l . , 1934) w as followed by it s dem onstration in Rhizopus suinus
(Gordon et a l . , 1949), and identification a s in d ole-acetic acid.

As indicated

in Figure 7 , decarboxylation of tryptophan y ie ld s tryptam ine, which in turn
can be oxidized to indoleacetaldehyde.

The latter product might a r ise by

decarboxylation of indolepyruvic acid, which can be form ed from tryptophan
by oxidative deam ination or transam ination.

Oxidation of indoleacetaldehyde

lead s to the form ation of indoleacetic acid.

Studies on the form ation of indole-

acetic acid from tryptophan by m icroorgan ism s revealed the p resen ce of
indolepyruvic acid, indolelactic acid, tryptophol, indoleacetam ide and several
other in term ed iates in the culture broth (Kaper et a l . , 1958; Kosuge et a l . ,
1966; P e rley e t a l . , 1966).

Indolepyruvic acid undergoes spontaneous decom 

position leading to the form ation of sev era l compounds w hose p resen ce on
paper chrom atogram s m akes the interpretation difficult.

However, these

studies support the hypothesis that indoleacetic acid a r ise s by two different
pathways involving indolepyruvic acid and indoleacetam ide (Table 3 and
Figure 7).
Indoleacetam ide m ight be form ed from tryptophan by an oxygenase-type
reaction sim ila r to that observed in the other am ino acids.

H ydrolysis of

in doleacetonitrile or indoleacetam ide would y ield in doleacetic acid.

The

form ation of indolepyruvic acid from tryptophan i s catalyzed by tryptophan
tran sam in ase.

The p resen ce of tryptophan transam inase in bacteria has been

Figure 7.

M icrobial Synthesis and Degradation of Indoleacetic Acid
and R elated Compounds.

N - ac ety1try p ta m i ne

1

Tryptamine

N - ac etyl tryptophan

Tryptophan

Indolepyruvic A cid

Indoleacetam ide

Indoleacetic
* Acid
Indoleacetonitrile

Tryptophol 4*

Acetyltryptophol

Indoleacetaldehyde

Indoleacetic Acid

Indol e- 3- ac e t y l- E - L-ly sin e
Indolecarboxaldehyde

Anthranilic Acid
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Table 3.

M icroorganism s producting indoleacetic acid from tryptophan.

Organism

Pathway

Reference

1

. Achromobaeter sp.

unknown

Libbert et a l . , 1969

2

. Agrobacterium tum efaciens

indolepyruvate

Kaper et a l . , 1958

3. A lcaligenes sp.

unknown

Libbert et a l . , 1969

4.

B acillus cereu s (KVT)

indolepyruvate

Perley et a l . , 1966

5.

Flavobacterium sp.

unknown

Libbert et a l . , 1969

indoleacetam ide

Kosuge et a l . , 1966

unknown

Gordon et a l . , 1947

6

. Pseudom onas savastanoi

7. Rhizopus suinus
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reported fo r E sch erich ia co li (Rudman et a l . , 1953), Rhizobium legum inosarum
(Hartmann et a l . , 1967), Agrobacterium tum efaciens (Sukanya et a l . , 1964),
and C lostridium sporogenes (O'Neil et a l . , 1968).
th is enzym e is not certain .

The p hysiological role of

The function of this enzym e can be e a s ily explained

in the organism producing indoleacetic acid from tryptophan. In C lostridium
sporogenes which con verts tryptophan to indolepropionate (Figure

8

), it is

p o ssib le that th is pathway rep resen ts a p hysiologically important m eans for
the recy clin g of NAD+ during growth.
3.

Other Products of Tryptophan M etabolism .

An im portant pathway

of tryptophan m etabolism in anim als is conversion to 5-hydroxytryptam ine.
Adm inistration of 5 r hydroxy tryptophan led to in creased tissu e 5-hydroxytryp
tam ine in anim als (Udenfriend et a l . , 1957).

5 - Hydroxytryptamine is form ed

by the follow ing reaction:
Tryptophan

*

5-H ydroxytryptophan

»

Serotonin

The evidence clea rly in d icates that oxidation of the arom atic ring preced es
decarboxylation, becau se tryptamine is not form ed under the sam e conditions
nor does it serve as a precu rsor of 5-hydroxytryptam ine.

C onversion of L-

tryptophan to 5-hydroxy- L-tryptophan has been dem onstrated in studies with
c e ll suspension of Chrom obacterium violaceum (Mitoma et a l . , 1955); this
organism does not p o s s e s s a "kynurenine" pathway and can u tilize 5-hydroxytryptophan for production of its ch aracteristic pigment, violacein (B eer et a l . ,
1954).
M elatonin, a horm one found in bovine pineal glands which produces
lightening of frog skin, has been shown to be N -acetyl-5-m ethoxytryptam ine

Figure

8

.

Proposed M etabolic Pathway fo r the Conversion of L-tryptophan
to Indolepropionate by Clostridium sporogenes (O'Neil and
D eM oss, 1968).

Tryptophan
✓ °<-ketoglutarate

NADH

glutamate

NAD+

PLP

Indolepyruvate
-NADH
NAD+
Indolelactate

-H 20
Indoleacrylate
+2H

Indolepropionate
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(Lerner et a l . , 1959).

Further study showed that the presence of an enzyme

in pineal glands that catalyzes the o-m ethylation of N -acety 1-5-hydroxytryp
tamine to yield melatonin.

The enzym e also catalyze the o-m ethylation of

several other hydroxy indoles but at a lower rate.

The enzym e u tilizes S-

adeno sy lm ethionine.
5-Methoxytryptophol d ecrea ses ovarian weight and the incidence of
estru s in ra ts (M clsaac et a l . , 1964) and has been isolated from beef pineal
(M clsaac et a l . , 1965).

The occurrence of 5-methoxytryptophol in pineal tissu e

is of in terest in the light of its known biological action.

However, the biosyn

thetic pathway has not been com pletely elucidated. In a recent paper, Otani
et al. (1969) have proposed the following sequence of reactions leading to the
formation of 5-hydroxytryptophol.
Tryptophan
1

5-Hydroxytryptamine
monoamine oxidase
4*
5 - Hydroxy indole ac etaldehyde
Hydroxy indole -o-m eth yltran sf era se
5-

Methoxy tryptophol

Tryptophan i s a lso utilized for the b iosyn th esis of alkaloids of the
Harman group, and others including yohimbine, cinchonine, strychnine,
serpentine, and reserp in e (Robinson, 1955; L eete, 1969).
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C. Involvement of Tryptophan Catabolism in Senescence (Aging), D iffer
entiation and Certain Pathological Conditions
The deteriorative p r o c e sse s which naturally term inate the functional
organizations in biological system s are co llectiv ely called senescence.

In

many r esp ects, the development of sen escen ce may be considered a continuum
from juvenility to maturity. In contrast to sen escen ce, aging may be attributed
to the changes which occur in tim e without referen ce to the progress of the
built-in decay p ro cess in the cell.
The indirect evidences presented by M acnicol (1968) suggest a correlation
between tryptophan catabolism and sen escen ce of tobacco (Nicotiana tabacum L .)
leaves.

He showed that the 6 -hydroxykynurenic acid content was found to

in crease throughout development and sen escen ce of the leaf finally reach in g
six tim es of that p resen t in the young leaf.
The ro le of intracellular turnover of proteins in the process of d iffe r 
entiation, sen escen ce, and aging has been the subject of numerous in v e sti
gations from both the quantitative and qualitative view points (Oeriu, 1964;
Medvedev, 1967; Kornberg et a l . , 1969).

However, m ost of the rep orts con

cerning protein synthesis and/or turnover during differentiation dealt w ith an
attempt to study the changes in the o v er-a ll pattern of proteins. Very few
studies attempting to separate and contrast the anabolic and catabolic co m 
ponents of the dynamic equilibrium of individual proteins in relation to d iffer
entiation have appeared in the literature.
The mammalian enzym e which has been m ost thoroughly investigated
and which has yielded the m ost useful resu lts i s tryptophan pyrrolase.

V ery
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little, if any, tryptophan pyrrolase i s found in fetal liv e r , but activity appears
soon after birth. Tryptophan p yrrolase i s induced in adult rat liv er by tryp
tophan and adrenocortical hormones by two different m echanism s.

Tryptophan

injection and adm inistration of adrenocortical horm ones do not produce an
in crease in the activity of fetal liv e r (Nemeth, 1959).

It has been suggested

that tryptophan in c r e a se s tryptophan p yrrolase activity by favoring the forma
tion of the enzyme fro m apoenzyme and hematin (Feigelson et a l . , 1961;
Greengard et a l . , 1961; Feigelson et a l . , 1962) but there is also substantial
evidence that the enhanced enzym atic activity is due to de novo synth esis of
enzym e.

For exam ple, the normal in crease during development in tryptophan

p yrrolase as well a s the adaptive in crea se in the adult is inhibited by puromycin, an inhibitor o f protein syn th esis (Nemeth et a l . , 1962).
Abnormal tryptophan m etabolism has been shown in various clin ical
conditions, for in stan ce, avitam inosis B£ and Bq (Axelrod et a l . , 1945;
G lazer et a l . , 1951; Charconnet-Harding et a l . , 1952; Y ess et a l . , 1964),
diabetes (Rosen et a l . , 1955; M cDaniell et a l . , 1956), haem oblastosis
(Musajo et a l . , 1956), anaemia (Altman et a l . , 1953; Hankes et a l . , 1968),
upset of estrogen balance (Sprince et a l . , 1951; Brown et a l . , 1961; R ose,
1966a; R ose, 1966b; P r ic e et a l . , 1967), and cancer of the bladder (Allen
et a l . , 1957; W allace, 1959; P rice et a l . , 1962; Bryan et a l . , 1964; Bryan
et a l . , 1965; Wolf e t a l . , 1965), and the prostate (Wolf et a l . , 1968).
m ost cancerous t is s u e s there was an increased excretion of tryptophan
catabolites.

In

MATERIALS AND METHODS

A.

Organism
M ost of the experim ents w ere carried out with B acillus cereu s TR-2,

a phage resistan t strain derived from B. cereu s (Ristroph, 1967).

In some

experim ents B. cereu s 49 {obtained from J. Wolfe, U niversity of Leeds)
was used.

B.

These organism s w ere maintained on nutrient agar (Difco) slants.

Media
1.

”G" - Medium.

A sem i-synthetic medium described by Stewart

and Halvorson (1953) and modified by Greenberg (1954) was used for the
growth and sporulation of B, cereu s TR -2.

This medium w ill hereafter be

referred to as "Gn-m edium .
The following i s the final com position of "G"-medium;
Compound

Percent (w/v)
x

Glucose

1 .0

Y east Extract

2 .0 x lO- 1

k2 hpo4

5 .0 x 10~ 2

CaCl2 *2H20

8

.0 x

10"3

(NH4 )2 S 0 4

2

.0 x

10-1

MgS0 4

2 .0

x

10“ 2

MnS04 *H20

5 .0 x 10" 3

ZnS0 4 ’ 7H20

5. 0 x 10~ 4

CuS04 *5H20

5. 0 x 10- 4

F eS 04*7H20

5 .0 x 10- 5
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10"1
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T h is medium w as prepared by making stock solutions of 10% y e a s t
extract, 10% glu cose, 5% K2 HPO 4 , and 0. 8 % CaCl2 *2 H2 O. T hese solutions
w ere then autoclaved (at 121 C tem perature and 15 lb s p ressu re p er sq inch
for 15 min) and the glucose and y e a st extract w ere stored in the cold.
stock solution of m in erals w as made by m ixing a solution of
7H2 0 , 0.1% CuS04 *5H2 0 , 1% M nS0 4 *H2 0 , 4% MgS04 , and

0

0

A

. 0 1 % FeSO ^
.1% ZnS04 -

7H2 0 with an equal volum e of 40% (NE^^SO^., A fter the preparation of
stock solutions, the medium to be used fo r growth w as prepared by adding
an amount of the m ineral solution equivalent to 1 % in d istilled w ater of the
final volum e of the medium and by the addition of 2 % y e a st extract and 1 %
each of K2 HPO 4 , Ca.Cl2 ' 2 H2 O, and glucose.

The final pH of the m edium was

7. 0-7. 4.
2.

'^ "-M edium .

This is a synthetic medium developed by Srinivasan

and H alvorson (1963) which allow s m orphogenesis of B . cereu s without growth.
"A"-medium c o n sists of all the m in erals in G-m edium (Stewart and H alvorson,
1953) and the follow ing (%,w/v):
Sodium citra te

0.05

Sodium acetate

0. 05

Sodium glutam ate

0. 05

Sodium bicarbonate

0.05

T h ese organic acid s and sodium bicarbonate w ere sterilized separately
and added asep tically to sterilized G -m inerals.
3.

CDGS Medium.

This medium w as developed by Nakata (1964) for

the growth and sporulation of B. c e r e u s T in the absence of y e a st extract.

It
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co n sists of all the m in erals in the sam e proportions a s in G-medium (Stewart
and H alvorson, 1953) and the following:
m g /m l
L-glutam ic acid

1.84

L-leucine

0.80

L-valine

0.30

DL-threonine

0.336

DL-m ethionine

0 .1 4 0

L- histidine

0.050

Dextrose

2 .0

Amino acid m ixtures were sterilized by passing through a bacterial filter
and d extrose was sterilized by autoclaving a concentrated solution.
4.

GGMS Medium.

of B. c er eu s 49.

This medium w as used for the growth and sporulation

It con sisted of all the m inerals of G-medium and the following

(%, w /v):
D extrose

0 .5

Sodium glutam ate

0 .5

D extrose and sodium glutamate w ere sterilized separately and then added
asep tically to cold s te r ile G -m inerals.
5.

Nutrient Agar.
g r a m s/lite r
B eef Extract

3. 0

Peptone

5 .0

Agar

1 5 .0
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C.

Culture Techniques
1. Transfer and Storage of Cultures.

The culture w as maintained on

nutrient agar slan ts and transferred periodically.

All slan ts w ere stored at

4 C after incubation at 30 C until at least the m ajority of c e lls on the slants
had sporulated.
2. A ctive Culture Technique.

Unless otherw ise stated the active culture

method described by Nakata and Halvorson(1960) was routinely used.

E s

sentially the method i s used to synchronize the culture for growth and
sporulation by two su ccessiv e tran sfers.

The initial culture w as started

with an inoculum of about 1 x 10 6 heat shocked <80 C for 30 min) spores from
a nutrient agar slant.

This culture was left overnight at room temperature

(26-27 C) without shaking. A fter 12-15 hours of incubation, the culture was
shaken at 30 C on a rotary shaker until a near maximum population of about
10 8 c e lls /m l w as obtained.

T h is took about 20-40 min. A second flask con

taining G-medium was inoculated from the initial culture with a volume equal
to 10% of the volum e of the new medium, and was incubated at 30 C for two
hours.

D.

This culture was used as the final inoculum for the te st flask s.

Viable and Spore Counts
Both viable and spore counts were made by plating proper dilutions of

sam ples on nutrient agar.

The spore count represented c e lls which w ere able

to produce colon ies after heating the sample at 80 C for 30 min.

E.

Turbidim etric and pH M easurem ents
Growth w as estim ated by measuring the optical density of the c’llture
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at 630 nm using Spectronic-20 (Bausch & Lomb). The pH of the culture was
determ ined on a Corning pH m eter model 7,

The tim e at which pH of the

culture reach es a minimum is referred to as to (tG = 4 hr).

Under our ex

perim ental conditions t 0 w as also the tim e at which exponential growth ceased.

F.

Chromatographic Methods
1.

Paper Chromatography.

The following solvent system s w ere used

for ascending paper chromatography of tryptophan catabolites on Whatman
no.

1

paper:
(i) n-butanol-acetie acid-w ater (4:1:1, by volume)
(ii) 20% KC1 (w /v, in water)
(iii) 80% 1 -propanol (v/v, in water).

The different interm ediates on paper w ere detected by their characteristic
flu orescen ce under UV light and Rf value.
D ipicolinic acid (DPA) was separated by ascending paper chromatography
on Whatman no. 1 paper in two different solvent system s:
(i) Sec. butanol-formic acid-w ater (15:3:2, v/v)
(ii) Trim ethylam ine (25% in CHgOH)-ethanol-water (1:4:4, v /v )
2. Ion-exchange Chromatography.

The catabolites of tryptophan were

fractionated on a column (1.3 cm diam eter x 21 cm length) of Am berlite IR120 (H+ form , 200-500 m esh) by the method of B enassi et al. (1967) with the
following m odifications: The column was run at room temperature (25-26 C)
and elution w as accom plished with a gradient between 0 .1 M pyridine-form ate
pH 2 . 6 and 0 .4 M pyridine-form ate pH 6 .5 .

Form ic acid (95% v /v ) w as used

to adjust the pH of different pyridine solutions.

Two hundred fractions (each

34
5 m l volume) w ere collected at a flow rate of 20 m l per hour.

G.

___

U ltraviolet and Infrared Spectra

U ltraviolet sp ectra were taken on Beckman DB spectrophotometer
(Beckm an & C o., California) and infrared spectra w ere m easured on a
P erk in -E lm er model 137 spectrophotometer (Perkin-Elm er C o rp ., Norwalk,
C on n .) using KBr p e lle ts.

H.

Preparation of C ell-free E xtract
Washed c e lls from 1 1 culture w ere resuspended in 10 m l of 0. 04 M

KH2 PO 4 adjusted to pH 7 .0 with 1 M KOH and disintegrated by sonication with
a B ra n so n ultrasonic d rill.

P u lse s of 30 seconds w ere used with 1 min in

t e r v a ls between the p u lses.

The tem perature of the sam ples w as not allowed

to r i s e above 10 C during sonic treatm ent.

C ells w ere sonicated until 60-80%

c e ll breakage was obtained. The sam ples which w ere used for the assay of
tryptophan pyrrolase w ere broken in the p resen ce of 0 .3 mM L-tryptophan.
The sonicate was centrifuged at 35, 000 g. for 30 m in in a RC-2 Servall re
frig e ra ted centrifuge and the supernatant liquid ^ h s dialyzed overnight against
0. 04 M KHgPO^ buffer adjusted to pH 7 .0 with 1 M KOH; sufficient L-tryptophan
w as added to the buffer to bring it s concentration to 0. 03 mM. The nond iffu sib le m aterial w a s used for the enzyme assay.

I.

E nzym e A ssay
A ll the enzym e assays w ere carried out at 30 C. In all c a s e s , the assay

v o lu m es were 2 .5 m L
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1.

Tryptophan P y rro la se.

Tryptophan p yrrolase (EC 1 . 1 3 . 1 . 1 2 . ,

L-tryptophan:oxygen oxidoreductase) was assayed at 30 C in a Gilford recording
spectrophotom eter model 2400 by m easuring the rate of in crease in optical
density at 321 nm. The reaction mixture (2.5 ml) contained L-tryptophan
(0.02 M, pH 7. 0) 0.45 m l, dithiothreitol (0. 04 M) 0 .1 m l, K2 HPO4 (0. 5 M,
pH 7. 0) 0 .5 m l, cell-free extract equivalent to 10 mg protein and water to
make

2

.5 m l.

2.

Form ylase.

F orm ylase (EC 3 . 5 . 1 . 9 . , Aryl-form ylaraine am ido-

hydrolase) w as assayed by the rate of kynurenine formation at 30 C in a Gilford
recording spectrophotom eter model 2400 according to the method of Knox (1955)
by the rate of decrease in O.D . at 321 nm.

The reaction m ixture (2.5 ml)

contained N-form yl-D L-kynurenine (0. 01 M, pH 7. 0) 0 .2 m l, K2 HPO4 (0.5 M,
pH 7.0) 0.5 ml, c e ll-fr e e extract equivalent to 10 mg protein and water to
make

2

.5 m l.

3.

Kynureninase.

Kynureninase (EC 3 . 7 . 1 . 3 . , L-kynurenine hydrolase)

was assayed by the disappearance of kynurenine at 30 C in a Gilford recording
spectrophotom eter model 2400 according to the method of D algliesh, Knox and
Neuberger (1951) by the rate of d ecrease of O.D. at 360 nm.

The reaction

mixture (2.5 m l) contained DL-kynurenine 0.75 /im ole, pyridoxal phosphate
20 ug, T ris-H C l (pH 8.5) 250^imole and water to make 2 .5 ml.

J.

Enzyme Unit
One unit of enzyme i s defined as the amount which catalyzes the

appearance or disappearance of

1

mjimole of product or substrate per hour at

30 C under conditions of a ssa y described in the text.
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K.

q
Incorporation of H-Tryptophan Into Dipicolinic Acid
In order to estim ate the incorporation of 3 H-tryptophan into DPA, the

following procedure was employed.

B acteria in the various phases of growth

and sporulation w ere harvested by centrifugation (2 C) at 17,000 x g for 10
min in a RC-2 Servall centrifuge, then washed by resuspension in 20 m l of
ic e-c o ld A-medium and centrifugation a s above.

Finally, the bacterial pellet

was suspended in enough A-medium to give original c e ll concentration.

Ten

ml of th is cell suspension was transferred to a sterile Erlenrayer flask in
duplicate and enough %I-tryptophan w as added to give
culture.

1 .0

x

107

cpm /m l of

The culture w as incubated on a rotary shaker maintained at 30 C

and allowed to sporulate.

Spores w ere harvested by centrifugation {2 C) at

17, 000 x g for 10 min in a RC-2 Servall centrifuge, then washed once with
20 ml of 0. 01 M K2 HPO 4 buffer (pH 7. 0) containing 0. 04 M L-tryptophan.
DPA w as isolated and purified from the spores a s described in the text.
For isotope com petition experim ents, c e lls w ere harvested from a 4hour old culture and p rocessed as described above.

The ability of a compound

to com pete with the incorporation of 3 H-tryptophan in DPA was tested by adding
100 }ig per ml of the com petitor along with the isotope.
lowed to sporulate. DPA was isolated and purified.

The culture w as al

The effect of different

com petitors was compared by m easuring the specific activity of DPA in spores.

L.

Isolation and Purification of D ipicolinic Acid
Washed spores w ere resuspended in water autoclaved at 121 C for 15

min and cooled to room temperature (26-27 C). Then 0 .1 ml of 1. 0 N acetic
acid w as added and the suspension w as allowed to stand for

1

hour at the sam e

tem perature.

The supernatant w a s collected a fter centrifugation at 17, 000 x

g for 10 min in a RC-2 refrigerated Servall centrifuge. The supernatant was
lyophilized and the residue w as resuspended in a very small amount of water
(usually 0.2 - 0 .4 ml). The suspension was applied to a Whatman no. 3 paper
and ascending chromatogram in trim ethylam ine (20% in CH3 OH) - ethanolwater (1:4:4, v /v ) was run. The U. V. absorbing band corresponding to
standard DPA w as cut and stitched on a fresh Whatman no. 3 paper.

A second

ascending chromatogram using th is paper w as run in Sec. butanol-form ic
acid-w ater (15:3:2). The U. V. absorbing band corresponding to DPA was
cut and eluted with hot 0.01 N HC1.
tim ating the O. D. at 270 nm.

The amount of DPA was m easured by e s 

T he radioactivity w as counted on a Beckman

scintillation spectrom eter by transferrin g

0 .1

m l of test solution to a glass

counting vial containing 10 ml of scintillation fluid

(6

gram POP and 250 mg

POPOP per lite r of dioxane).

M. Inhibitors and Reversing A gen ts
The e ffec ts of inhibitors on growth, sporulation and heat resistan ce of
spores w ere studied by adding the compound to an active culture immediately
after the final transfer was m ade (referred to a s "O" time).

The ability of a

compound to r e v e r se the effect o f an inhibitor w a s usually tested by the ad
dition of inhibitor and the test compound to an active culture at 0 tim e.
study the effect of time of addition, the inhibitor w as added at
te st compound a t the indicated tim e.

0

To

tim e and the
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N.

Chemical A nalyses
Kynurenine and anthranilic acid w ere determined by the method of

Mason and B erg (1952) after deproteinization of the reaction mixture with
trichloroacetic acid.
The amount of dipicolinic acid in sam p les was determined by one of the
following procedures: (a) by the colorim etric procedure of Janssen, Lund
and Anderson (1958), or (b) by the m easurem ent of absorption at 270 nm
after purification of the sam ple by paper chromatography.
Protein w as estim ated by the method of Lowry, Rosebrough, Farr and
Randall (1951) u sing crystallin e bovine serum albumin a s the standard.

O.

C hem icals
D ipicolinic acid, DL-kynurenine, ethyloxamate and kynurenic acid w ere

purchased from Aldrich C hem ical Company, Milwaukee, W isconsin.

L-

tryptophan and 3-OH-anthranilic acid w ere obtained from Nutritional Bio
chem ical Corporation, Cleveland, Ohio. Anthranilic acid w as bought from
W. H. Curtin and Company, New Orleans, Louisiana. Quinaldic acid and
nicotinam ide w ere the products of J. T. B aker Chemical Company,
Phillipsburg, New Jersey.

N-form yl-D L-kynurenine w as synthesized accord

ing to the method of Auerbach and Knox (1957).

P.

Synthesis of N-Form yl-DL-Kynurenine
N -form yl-D L-kynurenine was synthesized by the method of Auerbach

and Knox (1957) as described below:
To a solution of 520 m g (0. 0025 m oles) of DL-kynurenine in 1. 25 m l of

98% form ic acid w as added 0.75 m l of formic a cid -acetic anhydride mixture
(0.0005 m ole).

Form ic acid-acetic anhydride m ixture was prepared by mixing

0.5 ml of fresh ly d istilled acetic anhydride and 1. 0 m l of 98-100% form ic acid
in an ic e bath and allowed to stand at room tem perature {26-27 C) for 30 min
before u se.

The reaction m ixture containing DL-kynurenine and form ic acid-

acetic anhydride was thoroughly m ixed and allowed to stand at room tempera
ture for 2 hours.
m ixture.

Fifty volum es of anhydrous eth er was added to the above

The m ixture was stirred and allowed to stand at 0 C for 2 hours.

The amorphous product w as co llected on a sin tered glass filter, washed with
ether and dried imm ediately to avoid hydrolysis.
162 C (d).

Yield: 580 mg (97%), mp

U ltraviolet spectra at pH 7. 0 has m axim a at 260 nm and 321 nm

with m olecular extinction coefficient of 10980 and 3750 resp ectively (Fig. 9).
The compound gave a single spot on paper chromatogram run in acid, basic
and neutral solvent system s.

Figure 9. An U ltraviolet Spectrum of N-Form yl-DL-K ynurenine.
A - com m ercial sam ple. B - synthesized from DL-Kynurenine.
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RESULTS

A.

Interm ediates of Tryptophan Catabolism in a Sporulating Culture of
B acillus cereu s
1.

Isolation and Purification.

Figure 10 presents the e ssen tia l steps

in the extraction and purification of tryptophan catabolites.

G-medium in a

40 1 carboy was inoculated with 2 1 of actively growing culture of B. cereus
and w as maintained at 30 C under forced aeration.

At 4 hours 20 gram s of

L-tryptophan w as added and the culture w as allowed to reach the prespore
stage.

Then 200 ml of glacial acetic acid w ere added to the culture and the

m ixture kept overnight at 4 C. The contents of the carboy w ere filtered through
Whatman no. 1 paper and the precipitate was discarded.

One pound of activated

charcoal (Matheson, Coleman and B ell, E ast Rutherford, New Jersey) was
added to the filtrate and stirred overnight at room temperature (26-27 C). The
above m ixture w as once again filtered through a Whatman no. 1 paper and the
precipitate w as collected on the filter paper.
hours with

2

1

The residue was shaken for 2

of pyridine-m ethanol-water ( 1 :1 :2 , by volume) at room tempera

ture (26-27 C) and filtered .

The precipitate was discarded and the filtrate was

concentrated to dryness at 40-50 C under reduced pressure.
resuspended in 200 ml of d istilled water and lyophilized.

The residue w as

The crude material

obtained after lyophilization was dissolved in the minimum amount of 0.1 M
pyridine form ate buffer pH 2 . 6 and loaded on an Amberlite IR -120 column and
eluted with pyridine-form ate buffer as described under m aterials and methods.
The eluate from the column contained five major components.
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Two of them

Figure 10.

Procedure for the Isolation of Interm ediates of Tryptophan
Catabolism from a Sporulating Culture of B acillus cereu s T R -2.

CULTURE
Acidified with glacial
acetic acid and filtered

Precipitate

Fil ;rate
Adsorbed on charcoal
and filtered

r

Precipitate

Filtrate
(Discard)

Eluted with pyridinemethanol- water
( 1 :1 :2 , v /v )

Residue

I

Eluate
Removed the solvent.
The residue dissolved in
water and lyophilized.
4'
Crude M aterial
Chromatographed on
A m berlite IR-120 and
Whatman no. 1 paper

Kynurenine, Anthranilic Acid

w ere selected for further purification and characterization and w ere term ed
compounds A and K.

These w ere purified by ascending chromatography on

Whatman no. 1 paper repeatedly in two different solvent sy stem s.
2.

Characterization. Rf values of the two compounds in different sol

vent sy stem s are presented in Table 4; for com parison the values of kynurenine
and anthranilic acid are also included in the table.

A red purple color with

ninhydrin reagent indicated the presen ce of prim ary amino group in compound
K. A yellow reaction to brom ocresol green suggested a carboxyl group in
both the compounds.

Color reactions with E hrlich's reagent (2% p-dim ethyl-

aminobenzaldehyde, w /v , in 5% HC1) and Pauly's reagent (0.5% sulphanilic
acid, w /v , in 2 % HC1 and 0.5% aqueous NaNC>2 in equal volum es followed by
10% Na 2 CC>3 , w /v) showed that A and K w ere possibly anthranilic acid and
kynurenine resp ectively.

The U. V. and I.E . spectra of A and K w ere super-

im posable on those of anthranilic acid and kynurenine resp ectively (Figures
11-14). The I. R. spectrum of compound A w as comparable with that of
anthranilic acid from Sadtler Handbook,
3.

Formation of Kynurenine and Anthranilic Acid by Whole C ells.

The

ability of c e lls, harvested at different tim es during the p ro g ress of sporulation,
to oxidize tryptophan and kynurenine was determ ined in the following manner.
One liter aliquots of an active culture were rem oved at in tervals and chilled
to 4 C.

The c e lls w ere harvested by centrifugation at 12, 000 g fo r 10 min in

a RC-2 Servall refrigerated centrifuge.

C ells w ere washed once with G-medium

and once with A-medium (Srinivasan and Halvorson, 1963) containing chloram 
phenicol (250 j ig /m l ) .

Washed c e lls were resuspended in A-m edium supplemented
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Table 4.

Chromatography and colour reactions of some catabolites of tryptophan.

P roperties

DL-kynurenine

K

Anthranilic
Acid

A

Rf values in
solvent A

0 .4 4

0 .4 4

0 .9 0

0 .90

solvent B

0.32

0.33

-

-

solvent C

0.73

0.73

0 .58

0 .58

strong

strong

blue

blue

pale

pale

v io let

violet

blue

blue

ninhydrin

red purple

red purple

E hrlich's Reagent

orange

orange

Pauly's Reagent

brown

brown

Fluorescence under
u. v. light

Colour reactions with:
yellow
-

yellow
-

Ascending chromatography on Whatman #1 paper was used. The solvent sy stem s
employed were:
A. 1 - butanol-acetic acid-w ater (4:1:1, by volume);
B. 80% 1-propanol (in water, by volume);
C. 20% KC1 (in water, w /v).
Chromatographs w ere run for 16-20 hours in solvents A and B and for 3-4 hours
in solvent C.

Figure 11.

Ultraviolet Spectrum of Authentic Kynurenine and Compound K.
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Figure 12. Infrared Spectrum of Authentic Kynurenine and Compound K.
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Figure 13.

U ltraviolet Spectrum of Authentic Anthranilic Acid and
Compound A.
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Figure 14. Infrared Spectrum of Compound A.
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I l,

with the sam e amount of chloram phenicol.

The following experim ent w as

carried out in 50 ml Erlenm yer flasks which were incubated for one hour on a
rotary shaker maintained at 30 C. The reaction mixture consisted of

6

ml of

c e ll suspension (20 mg protein) and 1 m l of substrate (10 mM). After one
hour

1

ml of

100

% trichloroacetic acid w as added to the flask and the m ixture

shaken for another 5 min.
centrifuge tube.

The contents of the flask w ere transferred to a

The flask was washed with 2 ml of water and the washing was

also transferred to the sam e centrifuge tube.

The mixture was centrifuged at

12,000 g for 10 min in a RC-2 Servall centrifuge maintained at 4 C.

The super

natant was u sed for the assay of kynurenine and anthranilic acid.
The production of kynurenine from tryptophan and anthranilic acid from
tryptnphan or kynurenine by chloram phenicol-inhibited c e lls of B. c e r e u s,
harvested during various sta g es of sporulation is presented in Figure 15.
rate of form ation of kynurenine and anthranilic acid started rising at t 2

The

(20

m pm ole/hour/m g protein) and reached a maximum (50-60 mjumole/hour/mg
protein) at ts-

However, if kynurenine w as used as the substrate, the rate of

formation of anthranilic acid increased about eight fold from that at t 2 and
reached its maximum between tg and tio*

N evertheless, the pattern of develop

ment of the oxidative ability in the c e lls to form anthranilic acid from either
tryptophan or kynurenine remained unchanged.

B.

Enzym es of Tryptophan Catabolism
1.

Enzym e A ctivities in C ell-free Extracts of B. cereu s.

The specific

a ctivities of three enzym es involved in tryptophan catabolism were determined

Figure 15.

Biotransform ation of Tryptophan and Kynurenine by
B acillus cereu s TR-2 (See the text for the d etails of this
experim ent).

1- ANTHRANIUC ACID FROM KYNURENINE
2- KYNURENINE FROM TRYPTOPHAN
3- ANTHRANIUC ACID FROM TRYPTOPHAN
4- pH

10
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in extracts o f c e lls harvested at different stages of sporulation.
are shown in Table 5.

Two markedly different patterns of development of the

enzym es w ere observed.
started increasing at

The activities of tryptophan pyrrolase and form ylase

and reached a maximum at tg.

kynureninase attained its m axim al activity at
2.

These data

14

On the other hand,

and then gradually declined.

Effect of Nutritional Conditions on the Development of Tryptophan

Catabolic Enzym es During Sporulation.

Tables

6

and 7 present the specific

a ctivities of tryptophan p yrrolase and kynureninase in the extracts of B. cereu s
TR-2 c e lls grown in G-medium in the p resen ce or absence of L-tryptophan or
DL-kynurenine.

There was a net increase in the activity of tryptophan pyr

ro la se when c e lls were grown in the p resen ce of L-tryptophan or DL-kynurenine
without any change in the pattern of the development of the enzyme.

On the

addition of DL-kynurenine, the immediate substrate of kynureninase, the cul
ture exhibited the maximal enzym atic activity of kynureninase about

hours

2

ea rlier than the control. On the other hand, in the presence of tryptophan the
maximal activity of kynureninase was delayed by two hours.
The effect of glucose and tryptophan on the development of tryptophan
pyrrolase activity in a B. cereu s TR-2 culture is presented in Table

8

. The

p resence of 0.1% glucose in G-medium had no effect on the pattern of develop
ment of tryptophan p yrrolase during growth and sporulation.

The effect of

tryptophan w as studied in a chem ically defined medium (CDGS) to determ ine
whether it r esu lts in a change in the a ctiv ities of tryptophan pyrrolase in the
vegetative and sporulating cultures.

On the addition of tryptophan in CDGS

medium no significant changes in the pattern of development of tryptophan
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Table 5.

Tim e
(hours)

Tryptophan pyrrolase, form ylase and kynureninase during sporulation*.

Specific Activity (units/m g. protein)
Tryptophan
pyrrolase

Form ylase

Kynureninase

*2

41

7

43

t4

41

41

167

76

66

115

*6

t8

156

124

38

*10

117

83

52

* A ssay methods and units of activity are described in the text.
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Table

6

. The effect of the cultural conditions on the pattern of development
of tryptophan pyrrolase.

Specific Activity (units/m g. protein)
Set A
Age

G-medium

_
G-medium +
L-tryptophan
G-medium

Set B
G-medium +
DL-kynurenine

*2

37

19

32

60

t4

37

34

60

108

68

156

89

122

t 8

137

196

73

119

*10

105

198

62

113

t6

A 10 1 G-medium culture of B, cereu s TR-2 w as grown in a 15 1 carboy
a s described in m aterials and m ethods. At tim e
the culture was divided
into two 5 1 portions in separate carboys. In one carboy L-tryptophan
(100 jig/m l) or DL-kynurenine (100 yug/ml) w as added and the other was
maintained as the control. At various intervals sam ples w ere taken for the
a ssa y of protein and enzym ic activity in extracts a s described in the text.
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Table 7.

The effect o f the cultural conditions on the pattern of development
of kynureninase*.

Specific Activity {units/m g protein
_______________ Set A________________________Set B_____________
G-medium +
G-medium +
Age________G-medium
L-tryptophan
G-medium
DL-kynurenine
tl

20

20

22

28

*2

45

44

41

191

t4

71

44

160

133

*6

48

65

110

130

t8

51

58

47

132

*10

50

60

37

132

* D etails of the experim ent w ere the sam e a s described in Table

6

.
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Table

8

. Effect of m edia on the development of tryptophan pyrrolase
activity in a B acillus cereu s TR-2 culture.

Exp.
No.

Medium

1

G-medium

G-medium
minus
dextrose

2

CDGS

CDGS +
L-tryptophan
(1 0 0
ml)

Age of
culture in
hour

Tryptophan
p yrrolase
activity*

pH

Morphology

1 .0

7 .0 i

vegetative c e lls

5

2 .0

6 .9 4,

vegetative c e lls

7

5. 0

5 .1 f

sporulating c e lls

52

1 .0

7 .2 [

vegetative c e lls

2

2 .0

7 .1

vegetative c e lls

12

5 .0

7 .1

sporulating c e lls

86

.0

6 .4

vegetative c e lls

8

4 ,0 ™ '

6 .4

vegetative c e lls

14

9. 0

6 .4

sporulating c e lls

.0

6 .4

vegetative c e lls

10

4. 0

6 .4

vegetative c e lls

13

9 .0

6 .4

sporulating c e lls .

2

2

* Specific activity (enzyme u n its/m g protein),

115

118

i- decreasing, T increasing.

Ten liter cultures of B. cereu s TR -2 w ere grown in 15 1 carboys as
described in m aterials and methods. The cultures w ere inoculated with 1 1
of actively growing vegetative c e lls . Washed vegetative c e lls grown in GmediuTi w ere used to inoculate CDGS cultures. At various intervals sam ples
w ere taken for the assay of protein and enzym ic activity in extracts as
described in the text.

56
pyrrolase w a s noticed.
The r e s u lts from a typ ical experiment performed with B. cereus 49,
an organism which has p rop erties interm ediary between B. cereu s and B.
megaterium, i s presented in Table 9. This organism was chosen because of
its ability to grow and sporulate well in a chem ically defined medium (GGMS)
composed of glucose, glutam ate and G -m inerals.

The p resen ce or absence

of tryptophan in the medium did not affect the lev el of a ctiv ities of tryptophan
pyrrolase in the vegetative and pre-sporulating cells.

C. Functional Aspects of Tryptophan Catabolites
B a cteria l spores are generally far m ore resistant than their vegetative
counterparts to certain p r o c e s s e s such as sterilization or disinfection.

Studies

on the developm ent of heat resista n ce in sp o r e s were undertaken by M urrell
et al. (1964); they made an extensive study on spore com position and heat
resistan ce in a series of d ifferent bacilli.

Dipicolinic acid has been definitely

shown to be one of the se v e r a l factors involved in the heat resista n ce of bac
terial sp o r e s (Halvorson e t a l , , 1960; M urrell et a l . , 1964).
The involvement of tryptophan in the biosynthesis of pyridine ring (nico
tinic acid) h a s been well establish ed in anim al, plant and m icrobes except in
the case of E . coli and B a cillu s (Brown, 1968; Brownstein, 1968). In the
members of the family B a cilla cea e» tryptophan is synthesized from aspartate
and g lycerol (Xsquith et a l . , 1966)( Recently Desaty et al. (1967) reported
the sim ultaneous occurrence of two different pathways for the pyridine ring
synthesis in Fusarium oxysporum . In the ligh t of the findings of Desaty and
coworkers, it is interesting to speculate that bacilli may have two different
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Table 9.

Age
(hours)

The effect of L-tryptophan on the development of tryptophan
p yrrolase activity in B acillus cereu s 49 culture grown in GGMS
medium.

Cell
morphology

Specific activity (enzyme u nits/m g protein)
GGMS

GGMS + L-tryptophan

4

vegetative c e lls

18

18

8

vegetative c e lls

27

34

sporulating c e lls

80

86

22

Two 10 1 cultures of B. cereus 49 w ere grown in 15 1 carboys as
described in m aterials and methods. One of the cultures w as grown in GGMS
medium and the other in GGMS medium containing L-tryptophan (100 jug/ml).
At various intervals sam ples w ere taken for the assay of protein and enzymic
activity in extracts a s described in the text.
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pathways for the biosynthesis of nicotinic acid {aspartate pathway) and dipicolinic acid (tryptophan pathway).
To approach this problem the technique of isotopic com petition was
employed (Roberts et a l . , 1955).

In this technique 3 H-tryptophan was added

to B. cereu s culture along with the unlabeled m etabolites and the resulting
d ecrease in the radioactivity of DPA w as taken as a m easure of the partici
pation of the resp ective m etabolites in the biosynthesis of DPA.

Before testing

the participation of different m etabolites in the biosynthesis of DPA, it was
n ecessa ry to find out: (a) the tim e at which 3 H-tryptophan should be added
to the culture to get its maximum incorporation into DPA and (b) whether
these unlabeled m etabolites when added to the culture would allow normal
growth and sporulation.

Unlabeled m etabolites added at 4 hour at the rate of

1 m g/10 m l of culture, allowed normal growth and sporulation.

Table 10

p resen ts the effect of tim e of addition of 3 H-tryptophan on its incorporation
into DPA.

The incorporation of 3 H-tryptophan into DPA was maximum if it

was added around 4 hours.

However, the total radioactivity incorporated into

DPA w as very low which may possibly be due to the ex cessiv e intracellular
turnover of protein.
Isotope com petition experim ents w ere perform ed in "A" as w ell as nG,f
media.

The resu lts are presented in Table 11. It seem s quite lik ely that

kynurenine, 3-hydroxyanthraniIic acid and quinaldic acid are involved in some
p ro cess of DPA synthesis.

However, these resu lts cannot be considered con

clu sive due to a very low incorporation of 3 H-tryptophan into DPA.
Since the incorporation of 3 H-tryptophan into DPA was v ery low, this
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Table 10.

The effect of tim e of addition of ^H-tryptophan on its incorporation
into DPA.

Tim e of addition of ^H-tryptophan

cpm /m um ole DPA

tl

100

*2

210

*3

200

*4.5

260

*5.5

255

Ho

120

C ells w ere grown in G-medium. Enough ^H~tryptophan was added at
various tim es to give 10 6 cpm /m l and c e lls w ere allowed to sporulate. DPA
w as isolated and purified a s described in m aterials and methods. The radio
activity w as counted in a Beckman Liquid Scintillation Counter.

I
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Table 11.

Efficiency of various compounds a s p recursors of DPA.

cpm per mumole DPA
Unlabeled
Competitor

A-medium

G--medium
Exp. 1

Exp. 2

None

198

210

DL-Kynurenine

144

126

N -F orm yl-D L Kynurenine

-

Kynurenic Acid

888

Quinaldic Acid

156

8

-Hydroxyquinaldic
Acid

3-Hydroxyanthranilic
Acid

-

108

-

Exp. 1

Exp. 2

228

204

30

42

66

-

600

282

60

0

-

126

84

-

66

-

48

C ells w ere grown in G-medium for 4 hours. C ells w ere spun down and
resuspended in A medium when desired. Enough ^H-tryptophan was added to
get 106 cp m /m l of culture. Unlabeled m etabolites (100 ug/m l) w ere added
along with the labeled tryptophan and c e lls w ere allowed to sporulate. DPA
was isolated and purified a s described in m aterials and methods. The radio
activity was counted in a Beckman Liquid Scintillation Counter.
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problem w as approached by the use of chem icals which induce the formation
of heat sen sitive spores.

Several methods are now available for the production

of heat sen sitiv e spores.

T hese include sporulation in low calcium medium

(Slepecky et a l . , 1959; Black et a l . , I960), in the presence of phenylalanine
(Church et a l , , 1959), ethyl malonate (Gollakota et a l . , 1960), ethyloxam ate..
(Gollakota et a l . , 1963), picolinam ide (Upreti et a l . , 1969), or nicotinamide
(Kumar and Gollakota, personal communication).
The present studies w ere designed to show the extent to which several
interm ediates of tryptophan catabolism contribute to the in crease of heat
resista n ce of spores of B acillu s cereus grown in the presence of ethyloxamate
or nicotinamide.
1. Induction of Heat Sensitivity by Nicotinamide and Ethyloxamate.
Nicotinamide (NA) or ethyloxamate (EO) was added at zero hour to an active
culture of B. cereu s growing at 30 C on a rotary shaker.
estim ations w ere made after 24 hours of incubation.

Cell counts and DPA

Table 12 presen ts the

resu lts of a typical experim ent showing the effect of NA and EO on sporulation
and heat resista n ce.
sporulation.

Neither of the two inhibitors affected the growth and

However, the proportion of heat resistan t spores w as very low

in the cultures treated with NA (1 to 4% of control) or EO (1 to 10% of control)
with a sim ultaneous d ecrea se in DPA content.
2. R eversion of Nicotinamide and Ethyloxamate Induced Heat Sensitivity
by the Addition of Tryptophan Catabolites.

Before testing the reversion of NA

or EO induced heat sen sitivity by tryptophan catabolites, it had to be established
that th ese compounds would allow normal growth and sporulation of B. cereus
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Table 12.

Effect of nicotinamide and ethyloxamate on sporulation of
B acillus cereu s TR-2.

A fter 24 hours of incubation at 30 C.
Additions at
zero hour

viable
c e lls /m l

None

5 .1 x 10 8

5.

Nicotinamide
( 2 m g/m l)

5 .0 x 108

1 .2

107

2

Ethyloxamate
( 1 . 2 m g/m l)

4. 0 x 10 8

1. 7 x 10 6

1

heat stable
c e lls /m l
0

x 10 8

x

% h ea t stable
c e lls

98

Inhibitors w ere added to an active culture at zero hour and the c e ll
counts w ere made after incubating the culture fo r 24 hours at 30 C on a
rotary shaker.
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under the conditions of our experimentation.

T his w as tested and found to be

true when the supplements w ere added at zero hour or 4 hours, except quinaldic acid and xanthurenic acid which w ere added only at 4 hours.
the follow ing substances was added at the rate of

1

mg per

10

Each of

ml of the cul

ture: L-tryptophan, DL-kynurenine, anthranilic acid, 3-hydroxyanthranilic
acid, kynurenic acid, quinaldic acid and xanthurenic acid.
NA or EO w ere added at zero hour to actively growing cultures of B.
cereu s. At 4 hours, a number of common tryptophan catabolites (100 p g/m l,
neutralized to pH 7 .0 with 1 M NaOH) w ere added separately to inhibited cul
tures and incubated at 30 C on a rotary shaker.
spore counts w ere taken.
Table 13.

After 24 hours heat stable

The resu lts of a typical experiment i s presented in

There was a 300-500 percent in crease in the number of heat resistan t

spores in an EO-grown culture in the presence of quinaldic acid.

In a NA-

inhibited culture, the increase in the heat resistan t spores by addition of an
thranilic acid, kynurenine or xanthurenic acid was 150, 200 and 200-500 per
cent, resp ectively.
3.

Effect of Tim e of Addition of Different Catabolites on the Development

of Heat R esistan ce.

The EO-treated culture w as the m ost sen sitive to reversion

by quinaldic acid im m ediately after the growth stopped (4.5 hours) (Table 14).
As the sporulation progressed the ability of quinaldic acid to r e v e r s e EO effect
d ecreased and it com pletely disappeared at 10 hours (t6 ). The addition of
quinaldic acid during growth phase resulted in c e ll ly sis and inhibition of
sporulation.

On the contrary, hydroxy anthranilic could r e v erse the effect of

EO only if it was added during growth phase (Table 15),
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Table 13.

Effect of som e tryptophan catabolites on the inhibition of develop
ment of heat resista n ce by ethyloxamate and nicotinamide.

Ethyloxamate
(1 .2 m g/m l)

Nicotinamide
(2 m g/m l)

compound added
(100 jig/m l)

heat stable
c e lls /m l

None (control)

7 .6 x 107

100

L-tryptophan

3. 5 x 107

46

DL-kynurenine

2 .6 x 107

35

4 .1 x 106

205

Anthranilic Acid

2 .3 x 107

30

2. 9 x 106

146

-

1 .5 x 106

75

3-hydroxyanthranilic
Acid

-

%
of control

heat stable
c e lls /m l

%
of control

2 . 0 x 106

100

-

-

Kynurenic Acid

1. 4 x 107

19

2 . 0 x 107

100

Xanthurenic Acid

5. 0 x 107

65

1. 0 x 107

500

Quinaldic Acid

3 .3 x 108

435

2 . 0 x 106

100

All the cultures w ere grown in G-medium at 30 C on a rotary shaker.
Inhibitors and reversin g compounds w ere added at zero and 4 hours
resp ectively to an active culture. Cell counts w ere m ade after 24 hours.
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Table 14.

Effect of tim e of addition of quinaldic acid in an ethyloxam atetreated culture on the development of heat resistan ce.

Tim e of addition
in hours
(100 jig / ml)

After 24 hours of incubation at 30 C.
viable c e lls /m l

heat stable
c e lls / ml

% of control

None (control)

4. Ox 108

6 .7 x 106*

100*

4 .5 (t0. 5)

1. 2 x 108

3 .5 x 107

522

5 .0 (tx)

3 .4 x 108

2 .1 x 107

313

5-5 ^ 1 .5 )

3 .2 x 108

1.5 x 107

224

6 .1 (t2>

3. 3 x 108

1. 2 x 107

179

1 0 .0 (t6)

3 .5 x 108

6 . 4 x 106

96

Ethyloxamate (1 .2 m g/m l) w as added at zero hour to an active culture
of B. cereu s grown at 30 C on a rotary shaker.
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Table 15.

Effect of tim e of addition of 3-hydroxyanthranilic acid in an
ethyloxamate-treated culture on the development of heat resista n ce.

After 24 hours of incubation at 30 C.

Tim e of addition
in hours
(100 /ig /m l)

viable
c e lls /m l

heat stable
c e lls /m l

%
of control

None (control)

2 .1 x 108

9 .5 x 106*

100*

2 .5

2 .2 x 108

1 .2 x 108

1200

4 .5

2 .2 x 108

1. 0 x 107

105

5 .5

2 .6 x 108

4. 0 x 106

42

11.5

2 .3 x 108

3 .5 x 10®

37

Ethyloxamate (1 .2 m g/m l) w as added at zero hour to an active culture
of B, cereu s grown at 30 C on a rotary shaker.

Kynurenine or xanthurenic acid, when added to a N A-treated culture
at 4 hours, resulted in an in crease in the number of heat resista n t spores.
The p resen t experim ent w as designed to find out if tim e of addition of these
reversin g agents had any effect by itself.

Both of these supplem ents were

effective only if they w ere added to the culture before pH started risin g
(to or 4 hours).
16 and 17.

The resu lts of a typical experim ent are presented in Tables
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Table 16. Effect of tim e of addition of DL-kynurenine in a nicotinam idetreated culture on the development of heat resistan ce.

After 24 hours of incubation at 30 C.

T im e of addition
in hours
(100 /ig /m l)

viable
c e lls /m l

heat stable
c e lls /m l

None (control)

5. 0 x 10®

2 .6 x 106*

100*

2 ( t - 2 .0)

4 .8 x 10®

6 . Ox 105

23

M t0)

5 .1 x 10®

5 .2 x 106

200

6 (t2>

4 .6 x 108

8 . 0 x 105

31

10 (t6)

4 .9 x 10®

9. 0 x 105

35

%
of control

Nicotinamide (2 m g/m l) was added at zero hour to an active culture of
B. cereu s grown at 30 C on a rotary shaker.
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Table 17.

Effect of tim e of addition of xanthurenic acid in a nicotinam idetreated culture on the development of heat resistance.

After 24 hours of incubation at 30 C.

T im e of addition
in hours
{100 jig/m l)

viable
c e lls /m l

heat stable
c e lls /m l

None (control)

5 .2 x 108

2 .6 x 106

100

2 <t_2 )

5 .0 x 10s

1 .1 x 106

42

4 (t0)

4 .9 x 108

5 .6 x 106

215

6 (t2)

4. 8 x 108

1 .4 x 106

54

10 <t6)

4. 8 x 108

8 .0 x 105

31

%
of control

Nicotinamide (2 m g/m l) w as added at zero hour to an active culture of
B. cereu s grown at 30 C on a rotary shaker.

DISCUSSION

The chem ical and physical evidence presented in this investigation
indicated clearly the form ation and the presence of kynurenine and anthranilic
acid in a sporulating culture of B. cereu s. The formation of th ese interm edi
ates from tryptophan h a s been previously linked with differentiation in m am m als,
in sects and amphibians (D algliesh, 1952; Brown et a l . „ 1956; Baglioni, 1959;
Amer et a l . , 1968; Paik et a l . , 1968).
t h e studies on the biotransformation of tryptophan and kynurenine by c e lls
in the p resen ce of chloram phenicol showed that the onset of tryptophan catabo
lism coincided with the spore form ation (Figure 15).

The maximal rate of

formation of anthranilic acid from kynurenine w as four tim es higher than that
for the form ation of anthranilic acid from tryptophan. This difference may be
attributed to the reaction(s) responsible for the formation of kynurenine from
tryptophan.

The two enzym es responsible for the formation of kynurenine from

tryptophan are: tryptophan pyrrolase and form ylase.

A change in the absolute

amount of these enzym e(s) or their kinetics may bring about this phenomenon.
This phenomenon can a lso be explained by assum ing a perm eability difference
in the c e ll for the two substrates.
It i s a well-known phenomenon that inducible enzym es are rep ressed by
glucose.

Since glucose was present in G-medium and it was utilized during

vegetative growth, it w as of in terest to determ ine whether the onset of tryptophan
catabolism concomitant with sporulation was an artifact due to glucose rep res
sion. Attem pts to grow B. cereus TR-2 in chem ically defined medium in the
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absence of glucose w ere futile.

To circum vent the difficulty of experimentation

on glucose effect, the organism s w ere grown in a com plex medium without
glu cose.

The le v e ls of a ctivities of tryptophan pyrrolase in cellular extracts

w ere compared with those of the extracts from c e lls grown in the presence of
glu cose.

The r esu lts indicated that the low level of enzyme activity in the

vegetative c e lls cannot be due to its rep ression by glucose during vegetative
growth.

Furtherm ore, the addition of tryptophan to a glucose-containing

defined-m edium did not significantly alter the enzyme lev els.
w ere obtained with a different organism B. cereus 49.

Sim ilar resu lts

Our experim ental re

su lts are highly indicative that the induction of tryptophan catabolism occurs
concom itantly with the differentiation of the organism after completion of the
vegetative growth.
An an alysis of the enzyme activities in c e ll-fr e e extracts showed that
tryptophan p yrrolase and form ylase attained the m aximal activity at late sporu
lation phase w hereas kynureninase reached its maximal activity at a very early
stage of sporulation.

However, in experim ents with whole c e lls, we noticed a

m axim al activity of all three enzym es at later stages of sporulation. A s an
explanation of th ese apparently anomalous resu lts, it is interesting to speculate
that kynureninase may be synthesized during early stages of sporulation but
rem ains inactive until later.

The inactivation in vivo may be accom plished by

the formation of an enzym e inhibitor com plex which d isso cia tes from the enzyme
on sonication.

The other p ossib ility may be the existance of an apoenzyme, in

vivo, which form s the holoenzyme in the presence of substrate or co-factor(s).
Our understanding of the m echanism s involved in the control of tryptophan

pyrrolase i s s till in statu n a sc en ti. The com plexity of th is problem has been
discussed in detail in two r e cen t reviews {Paul, 1968; R echeigl, 1968),
"Under conditions of starvation, when no net synthesis is p ossib le, turnover
(of protein and RNA) is probably the only m echanism available for achieving
adaption. " T h is remark (Mandelstam, 1960) very well applies in the ca se of
sporulation.

A continued in c r e a se of tryptophan pyrrolase activity until the

p re-sp ore sta g e, in the ab sence of an appreciable net protein synthesis, shows
that either th ere is a stable m -RNA for th is enzym e or there is a continuous
synthesis and breakdown of sh ort-lived m-RNA.

The participation of stable

m-RNA in the synthesis of m am m alian tryptophan pyrrolase is w ell documented
(Garren et a l . , 1964). The involvem ent of stable m-RNA for the synthesis of
certain en zym es during sporulation has previously been suggested (Rosas del
Valle et a l . , 1962; Aronson e t a l . , 1964; Mandelstam, 1969a).
The syn th esis of pyridine ring has been shown to occur by two different
pathw ays

aspartate pathway (Isquith et a l . , 1966) and tryptophan pathway

(Bonner, 1948).

Recently it w a s reported that an organism may p o ss e s s both

pathways of pyridine ring sy n th esis at the sam e tim e (Ahmod et a l . , 1966;
Desaty et a l . , 1966). On the b a sis of the above experim ents it was interesting
to investigate whether DPA could be synthesized by tryptophan pathway in B.
cereu s.
E xperim ents were designed to m easure the incorporation of ®H-trypto
phan into D PA .

Since DPA con stitu tes 10-15% dry weight of sp ores, one should

assum e a tremendous incorporation of label in DPA. A low incorporation of
label into DPA may be due to dilution by cold tryptophan produced from
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intracellular protein turnover. Isotope competition experim ents indicated
that kynurenine, 3-hydroxyanthranilic acid and quinaldic acid may be involved
in the biosynthesis of DPA.
Another approach to get an insight into this problem was to produce heat
sen sitive spores and se e if tryptophan catabolites can increase the heat
resista n ce.

Our studies on the inhibition of development of heat resista n ce

and the biosynthesis of DPA by EO and NA are in good agreem ent with the
previous observations (Gollakota and Halvorson, 1963; Kumar and Gollakota,
personal communication).

Figure 16 illu strates the tim e course of bacterial

sporulation, development of heat resista n ce and its inhibition by NA and EO.
In the actively growing culture NA m ust be added before tg to obtain a fair
degree of inhibition.
DPA sta rts.

Incidently, tg is also the tim e when active syn th esis of

Kynurenine and xanthurenic acid w ere able to r e v erse the NA-

induced heat sen sitivity to som e extent if added at the tim e when the culture
switched from growth phase to sporulation phase. It may be that kynurenine
and xanthurenic acid or their m etabolic product(s) are affecting som e step(s)
involved in com mitment to heat resistan ce.
"In the differentiating sy stem s, it is common that inductors are effective
only during competent periods of cellu lar differentiation (Needham, 1942).11
It i s quite likely that sim ila r phenomena are operative during sporulation of
b a cilli.

This is reflected upon by our observation that EO was effective only

if added during growth phase, while NA could inhibit the heat resista n ce if
added up to tg. Quinaldic acid added between t q and tg, to an EO-inhibited
culture, increased the number of heat resistan ce spores.' However, the

Figure 16.

Tim e Course of Sporulation and Development of Heat
R esistan ce and its Inhibition by Nicotinamide and Ethyloxamate.

REVERSION BY
QUINALDATE
REVERSION BY
3-HYDROXY-ANTHRANILATE
REVERSION BY
KYNURENINE OR
XANTHURENATE
SENSITIVITY TO
ETHYLOXAMATE
SENSITIVITY TO
NICOTINAMIDE

DIPICOLINATE SYNTHESIS

GROWTH*

■SPORULATION
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efficiency of reversion decreased a s the sporulation p rogressed .

On the other

hand, hydroxyanthranilic acid w as effective only if it w as added during growth
phase.

It is interesting to speculate that quinaldic acid m ay be affecting som e

late reaction(s) involved in the developm ent of heat r esista n ce and a decrease
in the reversin g effect may sim ply be due to decreased perm eability to this
compound.
Two major lin es of reasoning have been put forward to explain the
resista n ce of bacterial spores to heat: (a) involvement of a dehydrated or
hydrophobic spore cortex (Warth et a l . , 1962; Warth et a l . , 1963a; Warth et
a l . , 1963b; M urrell et a l . , 1964) and (b) stabilization o f sppre biopolym ers
by cro ss-lin k in g between m acrom olecules (Black et a l . , 1962; M urrell et a l . ,
1964) or by chelation involving DPA, divalent cations and spore amino acids,
and peptides (Flem ing, 1963; Riemann, 1963; Tang et a l . , 1968). It may be
that a com plex involving DPA, divalent cations, amino a c id s, peptides and som e
other low m olecular weight compound(s) may act as a p rotective barrier of low
polarity, low hygroscopicity and low chem ical activity.

T h is protective barrier

may m ask the vital spore polym ers from denaturation or inactivation.
Investigations on the p resen ce of low molecular w eight compounds in
bacterial spores have shown the ex isten ce of DPA (Pow ell, 1953), glutamic
acid, 3-phosphoglyeerie acid and sulfolactic acid (Nelson e t a l . , 1969).

The

functions of the la st three components in a bacterial spore are still unknown.
DPA is related to the development of heat resistance but it is not an essen tial
step in th is p ro cess (Murrell et a l . , 1964). It has been shown that the two
strains of Clostridium perfringens with alm ost the sam e le v e l of DPA

differed by a factor of 48 in heat resista n ce (W eiss et a l . , 1966).

Further

m ore, sev era l workers have reported a relationship between the level of
diam inopim elic acid and calcium and the heat resistan ce of bacterial spores
of several sp e c ie s (Murrell et a l . , 1964; W eiss et a l . , 1966).
As it can be seen from th is d iscussion, heat resistan ce is a resu lt of
multiple reaction s operative in the c e ll during sporulation.

An attempt to

impart heat resista n ce or increased lev el of DPA by tryptophan catabolites in
a D P A -less mutant of B. cereu s (Wise et a l . , 1967) w as unsuccessful.

On the

b asis of p resen t experim ents, we cannot state with any certainty which of the
reaction(s) involved in heat resista n ce are associated with tryptophan catabolism .
However, the evidence presented in these investigations shows a correlation
between development of heat resistan ce and tryptophan catabolism .
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